= 4,4 -bipyridine, HBA = benzoic acid, HMBA = p-methylbenzoic acid). The Ni(II) ions of compound 1 are six-coordinated and bridged by 4,4 -bipyridine ligands to form a binuclear structure while complex 2 features polymeric chains which are connected by 4,4 -bipyridine molecules. Variabletemperature magnetic susceptibility measurements from 300 to 30 K showed the presence of weak ferromagnetic interactions between the Ni(II) (S = 1) ions via the 4,4 -bipyridine bridges.
Introduction
Supramolecular systems have attracted considerable attention, not only for their various structure features, but also for their potential applications in gas storage and separation, magnetic devices, molecular recognition etc. [1 -11] . Supramolecular assemblies can be designed and constructed based on non-covalent intermolecular interactions such as, among others, hydrogen bonds, aromatic π-π-stacking, electrostatic and van der Waals forces. The judicious choice of special inorganic and organic building blocks is the key steps for manipulating the network structure of such materials. Aromatic carboxylic acids, such as benzoic m-nitrobenzoic acid, o-phthalic, m-phthalic and p-phthalic acids, have been shown to produce a great variety of interesting structures [12 -30] , because they can not only coordinate metal ions in a variety of ways but also act as a hydrogen-bond acceptors, taking part in the formation of polymeric networks [31] .
Our efforts to explore supramolecular nickel(II) complexes with aromatic carboxylic acid and 4,4 -bipyridine resulted in the preparation of two new nickel coordination polymers: [Ni(bpy) 1.5 2 ] n (2) (bpy = 4,4 -bipyridine, HBA = benzoic acid, HMBA = p-methylbenzoic acid). Their single-crystal X-ray structures, magnetic properties, infrared spectra and thermal degradation are discussed herein.
Results and Discussion

Description of the crystal structures
[Ni(bpy) 1.5 (H 2 O) 2 (BA) 2 
]·H 2 O (1)
Complex 1 crystallizes in the triclinic space group P1, and the asymmetric unit contains one Ni(II) ion, one and a half 4,4 -bipyridine molecules (bpy), two benzoate anions (BA − ), two aqua ligands and one guest water molecule (Tables 1, 2 ). As shown in Fig. 1 , the Ni(II) ion is six-coordinated defined by two oxygen atoms from two BA − , two hydroxyl oxygen atoms from aqua ligands and two nitrogen atoms from different bpy ligands forming an octahedral unit NiN 2 O 4 with the distances in the range of Ni-O = 2.046 -2.099Å, Ni-N = 2.114 and 2.119Å ( Table 2) . The cisoid and transoid bond angles fall in the region 84.7 -93.9 • and 174.9 -177.4 • , respectively, and they deviate from the ideal values, indicating the octahedral coordination to be slightly distorted. The average Ni-N and Ni-O bond lengths are 2.117Å and 2.073Å, respectively, which are close to literature values [32 -34] .
The Ni(II) atoms are bridged by 4,4 -bipyridine groups to form binuclear units, arranged around an 
inversion center. In the [001] direction, the dimers are linked via hydrogen bonds with the guest water molecule (O7-H7C···O4 and O7-H7B···O6 #2 , #2 = 1 − x, 1 − y, −z) into supramolecular chains (Fig. 2) , which are further linked by π-π stacking (the faceto-face distances between the BA − and unbridged bpy aromatic rings being 3.8Å) into layers parallel to the (111) plane (Fig. 2 ). The layers are arranged alternately in an ···ABAB··· sequence and further assembled into a three-dimensional network by aromatic stacking interactions, the face-to-face distances between BA − and bridging bpy benzene rings being 3.7Å.
[Ni(bpy)(HMBA)(MBA) 2 ] n (2)
Compound 2 crystallizes in the space group P2 1 /n, and the asymmetric unit consists of a Ni(II) ion, one 4,4 -bipyridine molecule (bpy), two p-methylbenzoate anions (namely MBA1 and MBA2 containing the oxygen atoms O1/O2 and O5/O6, respectively) and one molecule of coordinated p-methylbenzoic acid HMBA containing the oxygen atoms O3/O4 (Tables 1 and 3) . Two carboxyl oxygen atoms O1 and O3 of MBA1 and HMBA are monodentate to the Ni(II) atom, while MBA2 is a bidentate chelating ligand. As shown in (Fig. 4) . The one-dimensional Ni(II) coordination polymers 1 ∞ [Ni(bpy)(HMBA)(MBA) 2 ] are connected through offset face-to-face π-π stacking interactions with a mean interplanar distance of 3.35Å between MBA1 and HMBA to generate a twodimensional network parallel to (010) (Fig. 4) . The MBA2 groups are almost perpendicular to the layer on both sides. Along the [010] direction, each MBA2 of one layer protrudes into the void between two adjacent p-methylbenzoic acid groups of the neighboring layers, so that the layers are stacked to form bi-layers. The bi-layers are stabilized by intermolecular π-π stacking interactions between p-methylbenzoic acid ligands (mean inter-planar distances are 3.45 and 3.50Å). The bi-layers are arranged alternately in an ···ABAB··· sequence and further assembled into a three-dimensional network by van der Waals forces.
A comparison of the dinuclear complex [Ni(bpy) 1 2 ] n in a diffusion-controlled reaction while 1 was obtained by hydrothermal synthesis in aqueous solution. Table 4 gives a concise summary of the reaction conditions leading to [Ni(bpy)(H 2 O) 2 (BA) 2 ] n [18] , 1 and 2. Thus the main reasons leading to the different compositions of these complexes may be temperature and pressure.
The new complexes 1 and 2 were both prepared by hydrothermal methods with HMBA being used for 2 instead of HBA. Obviously, their structural differences are mainly due to the different substitution pattern of the bencoic acid.
PXRD
The products 1 and 2 were checked by PXRD, and the experimental and simulated PXRD patterns are shown in Fig. S1 (Supporting Information, available online; see note at the end of the paper for availabil- ity). Their peak positions are in good agreement with each other, indicating good phase purity of the bulk samples. The difference in intensity may be due to the preferred orientations in the powder samples. 
Infrared spectra
As shown in Fig. S2 (Supporting Information) , the IR spectra of the title complexes are in agreement with the key structural characteristics as shown above. For 1, the IR spectrum shows broad bands centered at 3502 and 3294 cm −1 , indicating the presence of water in the complex. The strong absorption bands centered at 1598 and 1556 cm −1 for 1, 1630, 1607 and 1571 cm −1 for 2, can be ascribed to the asymmetric stretching vibration of the -COO groups, while the symmetric stretching vibration of the -COO groups results in absorptions at 1413 and 1392 cm −1 for 1, 1541, 1512 and 1427 cm −1 for 2. The separations are 185 and 164 cm −1 respectively for 1, 89 -144 cm −1 for 2, of which the values of 1 correspond to monodentate coordination modes of the carboxylate groups and the value of 2 corresponds to mono-and bidentate modes of the carboxylate groups [35] , which agrees well with the X-ray structural analyses. Both for 1 and 2, the absorptions in the range 600 -900 cm −1 can be attributed to the out-of-plane C-H vibrations of the organic ligand.
Thermal analysis
The TG curves are depicted in Fig. S3 (Supporting Information). Thermogravimetric analysis of complex 1 shows that the weight loss of the first step between 59 -115 • C is 8.6 % in good agreement with the value of 9.2 % calculated for three moles H 2 O per formula, implying complete dehydration. The second weight loss between 120 -188 • C reaches 13.0 % close to the calculated value 13.3 % for removal of half of the 4,4 -bipyridine ligands. Upon heating, the observed weight loss of 61.7 % over 188 -420 • C corresponds to decomposition of benzoic acid and release of all 4,4 -bipyridine. When further heated, the resulting intermediate loses weight very slowly. Thermal analysis shows 2 to be stable below 191 • C, at which temperature decomposition starts. The weight loss reaches 78.3 % at 409 • C. When further heated, the residue loses weight very slowly.
Magnetic properties
Temperature-dependent magnetic susceptibility measurements on compounds 1 and 2 were performed on polycrystalline samples in the temperature range of 2 -300 K in a fixed magnetic field of 1 KOe (1 kOe = 7.96 × 10 4 A m −1 ). The magnetic behavior presented in the form of χ M T and χ M versus T plots is depicted in Fig. 5 (χ M is the magnetic susceptibility for 1 and 2). Concerning compound 1, the effective magnetic moment (µ eff ) at room temperature is 4.31 µ B , very closed to the expected value of 4.00 µ B for two Ni(II) ions. Upon lowering the temperature, χ M T first slowly increases down to about 45 K and then rapidly increases to a value of 2.81 cm 3 K mol −1 at 16 K, showing ferromagnetic interactions. Below 16 K, χ M T has a rapid drop, which may be attributed to antiferromagnetic exchange interactions or zero-field splitting (ZFS). The whole profile of the χ M T vs. T curve is indicative of the occurrence of two conflicting effects [36, 37] . Therefore according to the crystal structure, the expression for the magnetic susceptibility (χ M T ) of a Ni(II) dimer derived from Van Vleck's equation (the spin HamiltonianĤ = −2J ·Ŝ1 ·Ŝ2) [38] is expressed in Eq. 1.
Considering the molecular field approximation, the total molar magnetic susceptibility takes the form of Eq. 2, where zJ is the interaction between molecules, and the N, g, β are parameters which have their usual physical meanings.
In order to determine the value of the weak ferromagnetic coupling observed in 2, we have fitted the high temperature magnetic data (T > 32 K). The bestfit parameters obtained are g = 2.05, J = 7.88 cm −1 , zJ = 1.25 cm −1 with an agreement factor of
For compound 2, the effective magnetic moment at room temperature is 3.29 µ B , which falls into a reasonable range (2.8 -3.9 µ B ) for one Ni(II) ion. The value χ M T in the range 50 -300 K displays a slow continuous increase with the decrease of temperature and then a sharp increase when lowering the temperature from 50 to 20 K. Below 20 K, there is a clear decrease of the χ M T values. This behavior at low temperature may be a zero-field splitting effect or/and an antiferromagnetic interaction between Ni(II) ions. The magnetic susceptibility data can be analyzed by the following expression based on a Heisenberg Hamiltonian
The best fit from 300 to 25 K leads to g = 2.01, J = 7.32 cm −1 , zJ = 0.25 cm −1 , and an agreement factor
The positive J clearly indicates the existence of a ferromagnetic superexchange for 1 and 2, possibly via 4,4 -bipyridine interactions between adjacent Ni(II) ions, consistent with the magnetic behavior illustrated by the χ M T vs. T plots.
Conclusion
Two new 4,4 -bipyridine-bridged nickel(II) compounds, dinuclear [Ni(bpy) 1.5 
Experimental Section
Materials
All chemicals were commercially available in reagent grade and were used without further purification.
Physical methods
Powder X-ray diffraction measurements were carried out with a Bruker D8 Focus X-ray diffractometer to identify the products as well as to check phase purity. The C, H and N microanalyses were performed with a Perkin Elmer 2400II CHN/S elemental analyzer. The FT-IR spectra in the region 4000 -400 cm −1 were recorded at room temperature on pressed KBr discs with a Shimadzu FTIR-8900 spectrometer. Thermogravimetric (TG) measurements, using a Seiko Exstar 6000 TG 6300 apparatus, were conducted from room temperature to 780 • C on preweighed samples in flowing nitrogen with a heating rate of 10 • C min −1 . Single-crystal Xray diffraction data were collected by a Rigaku R-Axis-Rapid X-ray diffractometer. The temperature-dependent magnetic susceptibilities were determined with a Quantum Design SQUID magnetomer (Quantum Design Model MPMS-7) in the temperature range from 2 to 300 K.
Synthesis of [Ni(bpy) 1.5 (H 2 O) 2 (BA) 2 ]·H 2 O (1)
A homogenized mixture of 0.078 g (0.5 mmol) 4,4 -bipyridine (bpy), 0.061 g (0.5 mmol) benzoic acid (HBA), 0.155 g (0.50 mmol) Ni(NO 3 ) 2 ·6H 2 O, 12 mL H 2 O, and 0.1 mL of 7 M NH 4 OH was loaded into a 25 mL Teflon-lined stainless-steel autoclave, heated to 180 • C and kept at this temperature for 3 d, and subsequently cooled to room temperature at a rate of 5 K h −1 . After filtration and washing with distilled water, 75 mg of green crystals of 1 were separated by hand-picking from the milky-white precipitate (ca. 25 % on the basis of the initial Ni(NO 3 
X-Ray structure determinations
Suitable crystals of 1 and 2 were selected under a polarizing microscope and fixed with epoxy cement on fine glass fibers, which were then mounted on a Rigaku R-Axis Rapid IP X-ray diffractometer with graphite-monochromatized MoK α radiation (λ = 0.71073Å) for cell determination and subsequent data collection. The data were corrected for Lp and absorption effects. The programs SHELXS-97 and SHELXL-97 were used for structure solution and refinement, respectively [40, 41] . Some non-hydrogen atoms were obtained by using the heavy-atom method, and the subsequent difference Fourier syntheses gave the positions of the remaining non-hydrogen atoms. After several cycles of refinement, some hydrogen atoms associated with carbon atoms were geometrically generated, and the rest of the hydrogen atoms located from successive difference Fourier syntheses. Finally, all non-hydrogen atoms were refined with anisotropic displacement parameters by full-matrix least-squares techniques, and hydrogen atoms refined with isotropic displacement parameters. Detailed information about the crystal data and structure determination is summarized in Table 1 . Selected interatomic distances and bond angles are tabulated in Tables 2 and 3. CCDC 955732 (1) and 955733 (2) contain the supplementary crystallographic data for this paper. These data can be obtained free of charge from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data request/cif.
Supporting information
Experimental PXRD patterns and diffraction diagrams simulated on the basis of the single-crystal structure determinations for 1 and 2 (Fig. S1 ), infrared spectra (Fig. S2 ) and TG curves (Fig. S3 ) are given as Supporting Information available online (DOI: 10.5560/ZNB.2013-3242).
